We analyze theoretically two possible sources of co-seismic electromagnetic response to the propagation of various types of seismic waves caused either by the electrokinetic phenomena or geomagnetic inductive effect. The differences between these two generation mechanisms have been examined for different types of seismic waves (P, S, and Rayleigh-Love). Theoretical relationships describing the dependence of the co-seismic signal amplitude, polarization and apparent impedance on the earthquake seismic moment and magnitude have been derived as a function of distance. We indicate an observational possibility to discriminate seismo-electrokinetic and seismo-magnetic effects and to estimate their contribution into a recorded co-seismic electromagnetic signal. Magnitudes and polarization of these signals are shown to depend strongly on the type of seismic wave and local crust parameters, such as streaming potential coupling coefficient, conductivity, inhomogeneity, etc. Co-seismic electromagnetic signals, though not directly applied for earthquake prediction, contain a useful information on local crustal phenomena, and can be used to identify ''sensitive'' zones perspective for the monitoring of precursory electromagnetic disturbances.
Introduction
Studies of ultra low frequency (ULF) electromagnetic disturbances in seismically active regions have revealed a variety of electromagnetic phenomena related to earthquakes, namely.
• ''pre-seismic signals'', i.e. irregular or impulsive ULF magnetic pulsations, observed hours to weeks before strong earthquakes (Molchanov and Hayakawa 2008; Surkov and Hayakawa 2014; Pilipenko and Fedorov 2014) . This class of events is hard to extract unambiguously from a background noise and thus it is poorly studied so far.
• ''co-seismic signals'', i.e. electromagnetic signals synchronous with the passage of seismic waves through an observation point after strong far earthquakes (Ivanov 1939 (Ivanov , 1940 Martner and Sparks 1959; Eleman 1965; Iyemori et al.1996; Nagao et al. 2000) . Also, coherent seismic and electromagnetic fluctuations were recorded after industrial explosions (Anisimov et al. 1985) .
These signals are commonly interpreted in terms of two main underlying mechanisms: (a) electrokinetic effect (Fitterman 1978; Frenkel 1944; Martner and Sparks 1959; Pride 1994; Pride and Garambois 2005; Gershenzon et al. 2014; Surkov and Pilipenko 2015) , or (b) geomagnetic inductive effect (Knopoff 1955; Kaliski 1960; Guglielmi 1986; Gorbachev and Surkov 1987; Guglielmi and Ruban 1990) . The co-seismic phenomena should be distinguished from the long-lasting abnormal offset caused by piezomagnetic (or tectonomagnetic) effects which can occur several weeks around the main shock (Johnston 1978) .
Electrokinetic (EK) effect is due to the charge separation in a wet crust. Walls of pores and cracks absorb negative ions from crust fluid, while positive ions remain in the fluid (Frenkel 1944; Bockris and Reddy 1970; Sparnaay 1972) . The crust deformations caused by seismic waves induce the crust fluid movement, whereas the movement of fluid ions produces the EK current. The EK current is coupled with the conductivity current in the fluid and encompassing crust. The EK effect was proposed to be responsible for the ULF electromagnetic fluctuations during the final stage of earthquake preparation process owing to an irregular pore fluid flow (Dobrovolsky et al. 1989; Fedorov et al. 2001) . The numerical simulation of the co-seismic effect in stratified media has shown that the coseismic signal waveform is sensitive to both the medium structure and seismic source properties (Huang et al. 2015) .
Geomagnetic inductive (GMI) perturbations during the seismic wave propagation across an observation site can result from the induction effect owing to oscillations of the conductive crust immersed into the geomagnetic field. Theoretical consideration of the coseismic electromagnetic effect shows that GMI disturbance should spread from a seismic source along a conductive crust in a diffusive way (Surkov 1989; Surkov and Pilipenko 1997; Surkov and Hayakawa 2014) . The velocity of the diffusive front can even supersede the seismic wave velocity, thus forming an electromagnetic ''precursor'' of a seismic wave front (Surkov 1989 (Surkov , 1997 Guglielmi 1991) . At larger distances, where the diffusive front is slowed down, GMI disturbance has to propagate together with a seismic wave. Based on the numerical modelling of the co-seismic effect, Molchanov et al. (2001) demonstrated that duration of the GMI perturbation signals has to increase with distance due to dispersion effect in a conductive media.
Observations by Nagao et al. (2000) of co-seismic geoelectric potential changes after M C 5 class earthquakes that occurred at small epicentral distances, revealed two types of changes: oscillatory response simultaneous with seismic vibrations and offset/decay that lasted for about 1 min after the seismic vibrations ceased. The oscillatory signal was interpreted as a manifestation of electroseismic effect, in which relative motion between solid matrix and pore fluid generates the electric field. The offset/decay change was supposed to be caused by change in the hydrological conditions in shallow subsurface layer under electrodes. Small, yet clear, electric and magnetic signals simultaneous with the P-wave arrival were distinguished from the background noise at several magnetotellutic sites by Honkura et al. (2002) . These signals were qualitatively interpreted as a result of ''seismic dynamo effect''. Surprisingly for authors, they found gradual changes in magnetic components a fraction of second before the arrival of seismic waves. This observational result may be interpreted as an occurrence of the theoretically predicted in Surkov (1989) electromagnetic precursor of the seismic wave front.
The seismo-electric effect is the physical basis of a new method of geophysical prospecting, significantly improving traditional seismic methods. Cross-correlation of seismic and electric signals provides additional important information about oil and gas deposit (Shaidurov et al. 2016) .
It is still a debatable issue which of those two effects-GMI or EK, provides a dominant contribution to an observed co-seismic signal. In this paper, we theoretically estimate the expected magnitude and polarization features for two possible sources of the co-seismic electromagnetic effect upon propagation of various types of seismic waves (P, S, Rayleigh or Love). We try to indicate an observational possibility to discriminate these effects and determine their contribution into a recorded co-seismic electromagnetic signal. Co-seismic electromagnetic signals, though not directly applied for earthquake prediction purposes, may contain useful information on local crustal phenomena.
Electrokinetic effect
The electric field and current can be generated as a result of fluid movement through the pore space of rocks under a gradient of pore pressure. The EK current density in a porous wet sample caused by a gradient of excessive (as compared with the lithostatic pressure) fluid pressure rP f is as follows j EK ¼ ÀrC EK rP f , where r is the conductivity, and C EK is the EK coefficient. Both coefficients depend on the porosity and permeability of a medium. In the frequency range of typical seismic waves, the displacement current can be neglected as compared with the conductivity current rE. Therefore, the Maxwell's equation comprising both EK and GMI effects is
here b and E denote the magnetic and electric components of disturbance, l 0 is the magnetic constant, V is the medium velocity, and B 0 is the ambient geomagnetic field.
Here and further, we assume that electromagnetic disturbance is weak, i.e. b j j ( B 0 j j. In this section we examine the EK effect only and hence the term responsible for the inductive effect, V Â B 0 , is omitted in Eq. (1). The electric field is determined by the electric potential u as E ¼ Àru. In a homogeneous boundless medium it follows from Eq. (1) that r 2 u þ C EK P f À Á ¼ 0; which means that the function u þ C EK P f is constant everywhere. Therefore, in the considered approximation E ¼ C EK rP f .
For low-frequency disturbances, a local relationship between the pore fluid pressure P f and the volume deformation of a medium u V is established (Frenkel 1944) :
here K f , K s , and K denote the moduli of a volume compression of a fluid, solid crust structure, and porous dry crust, respectively, and n is the medium porosity. The solid state physics equation enables one to relate the seismic deformation and velocity with the parameters of a seismic source. We choose the origin of a spherical polar coordinate system in the origin of seismic waves-the earthquake epicenter. The volume deformation of a medium u V caused by a seismic wave is related to the medium displacement n as follows (Landau and Lifshitz 1970) 
At distances much larger than a seismic fault scale, distributions of the mass velocity and displacement are determined by the tensor of the earthquake seismic moment density, which depends on the size of earthquake focus zone. In the case of simple shear, there are only two non-zero components of the seismic moment tensor m 31 = m 13 = m 0 (Aki and Richards 2002) . By the order of magnitude, the seismic tensor components can be estimated as m ¼ qS n ½ C 2 l ; where q is the medium density, S is the surface of a seismic fault, [n] is displacement jump at the fault surface, and C l is the velocity of longitudinal wave. The displacement components can be written in the form
here the polar axis is directed perpendicular to the plane of a seismic shear, h is the angle between the normal to fault surface and direction to an observation site, and u is azimuthal angle measured from the shear direction in the fault plane. Terms in Eq. (4) depend on m l and m t corresponding to a primary longitudinal wave (P-wave) and secondary shear wave (S-wave), propagating with velocities C l and C t , respectfully. To find the volume deformation produced at an observation site by a distant earthquake, we substitute the relationships for medium displacements from Eq. (4) into Eq. (3). In a wave zone, that is at distances r ) k, where k is the seismic wavelength, the term dependent on distance as r -1 dominates, because other terms decay fast owing to the small parameter k/r. Keeping in Eq. (4) the dominant term only, we arrive at
From Eqs. (5) and (2), we find the pore fluid pressure, and subsequently the electric field induced by the EK effect in a seismic wave zone
herer denotes the unit vector along radial direction. The obtained relationship (6) is valid in the laboratory coordinate system. This relationship predicts that only longitudinal P-wave can induce the seismo-EK effect. The generated electric field E is directed approximately along the seismic wave vector. The oscillations of E and the medium velocity V ¼ on=ot do not coincide, because V is proportional to the second derivative of a seismic moment m 0 (t -r/C l ). For an order-of-magnitude estimate the Eq. (6) can be reduced to the following form
where T is the seismic wave period. Taking into account that the medium velocity in a Pwave is V m * m 0 /(4pqrC l 3 T 2 ), the EK electric field estimate can also be rewritten as
The estimate for EK response E EK in Eqs. (7) and (8) must be corrected by adding the term V Â B 0 owing to the measurements in a non-fixed ground coordinate system. This term will be estimated below in Eq. (14).
To estimate an expected magnitude of the co-seismic EK effect we use the empirical dependence of the seismic moment m 0 on the earthquake magnitude M (Kanamori and Anderson 1975) :
Typical parameters of the Earth's upper crust are n = 0.1, K s = 2 GPa, K = 0.5K s , K f = 0.1K s , q = 2 9 10 3 kg/m 3 , C l = 5 km/s, and C EK = 10 -6
-10 -8 V/Pa (Jouniaux et al. 2000) . The EK coefficient C EK may vary in a wide range owing to a large variability of the realistic crust properties, such as porosity, permeability, concentration and mineral composition of crust fluid, etc. For the crust with the above given parameters, the Eq. (7) predicts that a seismic wave with period T = 2 s at distance r = 10 3 km from an earthquake with magnitude M = 7 can induce the EK electric field E EK & 5-500 nV/m.
Geomagnetic inductive perturbations
A seismic wave emitted by an earthquake can generate GMI perturbations, which travel together with this wave over long distances. The GMI effect of seismic waves can be described with the Maxwell's quasi-stationary equations. The equation for GMI driven by a seismic wave is deduced from Eq. (1) by applying the curl operation, and substituting electric field E from the equation r Â E ¼ Àob=ot. Assuming C EK is constant, one arrives to the following relationship (Landau and Lifshitz 1960) 
here b is the perturbation of geomagnetic field B 0 , and V is the medium mass velocity in a seismic wave. The crust electrical conductivity r determines the diffusion coefficient of the magnetic field D = (l 0 r) -1 . In the vicinity of the elastic seismic wave front the right-hand term in Eq. (10) acts as an external driver. From this equation it follows that GMI disturbance can be produced both by longitudinal and transverse seismic waves. From the analysis of this equation solutions for various types of driver function V r; t ð Þ can be found (Molchanov et al. 2002; Surkov and Hayakawa 2014) .
The characteristic space-time parameters of the problem under consideration are the seismic wave length k and period T. Estimating left-hand terms in Eq. (10) as ob=ob $ 2pb=T; and r 2 b $ 4p 2 b=k 2 ; one can find that under the condition T ( 2p= l 0 rC 2 l À Á the term with time derivative can be neglected as compared with the diffusion term. For typical crustal conductivity 10 -2 -10 -3 S/m, the diffusion limit is valid for T ( 2(10 -10 2 ) s. The diffusion case corresponds to low values of the Reynolds's number, Re m ¼ l 0 rkC l ( 1. In this limit the amplitude of GMI perturbation can be estimated as
The GMI perturbation can be estimated from the amplitude of the radial component of medium displacement n r in the P-wave using V max * 2pn r /T. It follows from Eq. (4) that n r * m 0 (4pqrTC l 3 ) -1 whence we obtain
For the above crust parameters and estimate (9) of a seismic moment the Eq. (12) predicts that an earthquake with M = 7 at distance r = 10 3 km can produce the GMI disturbance with magnitude b GMI & 2-20 pT in the terrestrial magnetic field B 0 = 5 9 10 -5 T. It must be taken into account that magnetic and electric sensors in reality oscillate together with crust movement velocity V. Therefore, electromagnetic components E 0 , b 0 in this oscillating coordinate system are related to fields in the fixed coordinate system by the non-relativistic transformation
The electric field component of GMI perturbation can be estimated from Eq. (1) in an oscillating coordinate system as
From Eq. (13) it follows that E 0 GMI $ 2pb= l 0 rk ð Þ. Substituting the magnetic disturbance from Eq. (12) into this relationship, one obtains
For the above crust parameters, Eq. (14) gives the estimate of induced electric field E 0 GMI % 0:16 mV=m: Equation (2) which couples the pore fluid pressure and volume deformation does not take into account the fluid inertia (Frenkel 1944) . Therefore, the above estimates of seismo-EK response for short-period waves become not very accurate.
In principle, another extreme case is possible, when the parameter Re m ) 1, which means the ''freezing'' of the geomagnetic field lines into a medium when its conductivity is very large. This inequality holds, for example, in wet soil with a high electric conductivity or in sea water whose conductivity is approximately 3 orders of magnitude greater than that of the ground. In this limiting case the diffusion term Dr 2 b in Eq. (10) can be neglected which leads to the following estimate of the GMI disturbance
The estimate of the induced electric component remains the same as in Eq. (14).
4 Co-seismic effect associated with seismic surface waves
The co-seismic effects owing to surface seismic waves, Rayleigh and Love types, demand a special consideration. Let us first consider a plane quasi-monochromatic Rayleigh wave, propagating along the horizontal axis x in an elastic homogeneous conducting half-space, bounded by a non-conductive atmosphere. The components of the medium velocity in this wave can be presented as (Landau and Lifshitz 1970) :
here
, while x, C R , and k R = x/C R respectively are frequency, velocity, and wave number of Rayleigh wave. Axis z is directed downward. Equations (16) and (17) show that this seismic wave is elliptically polarized in the vertical x-z plane.
We first estimate electromagnetic disturbance caused by the EK effect. Using Eqs. (16) and (17), one can calculate a volume deformation of the medium, and then with the help of Eq. (2) the pore fluid pressure P f and electric field E ¼ C EK rP f can be determined. The final solution (inside the crust z [ 0) is as follows (Surkov and Hayakawa 2014) :
wherex andẑ are unit vectors along x and z axis respectively. The amplitude of electric field disturbance in (18) is
The potential electric field in the atmosphere E ¼ Àru can be found from the solution of Laplace's equation r 2 u = 0. Taking into account the continuity of the electric potential at z = 0, one arrives at expression for the electric field in the atmosphere (z \ 0)
It is interesting to note that inside the ground electric perturbations given by Eq. (18) have an elliptic polarization with counterclockwise rotation (looking from Fig. 1 along y-axis) analogous to the medium velocity components given by Eq. (16), whereas in the atmosphere the electric field has a circular polarization with clockwise rotation. For oppositely propagating Rayleigh wave, the polarization ellipse rotation changes its sense. Amplitudes of EK response to P-wave given by Eq. (8) and to Rayleigh wave described by Eqs. (19) and (20) look similar. However, there is a substantial difference between them: the amplitudes of mass velocities V m depend on a distance r from a seismic source differently. For large epicentral distances, in P-wave V m * r -1 , whereas in Rayleigh wave
. Thus, at large distances the Rayleigh wave contribution to co-seismic effect is significantly larger than that of the P-wave. Now we analyze GMI disturbances induced by a Rayleigh wave, neglecting EK current. In this case, the magnetic component of a disturbance is described by the quasi-stationary Maxwell Eq. (10), driven by the crust velocities in a seismic wave determined by Eqs. (16) and (17). The magnetic disturbance in the atmosphere is determined by the Laplace equation r 2 b ¼ 0, whereas at the atmosphere-ground interface (z = 0) the standard boundary conditions for magnetic field and vertical component of electric current hold. The solution in the atmosphere is as follows (Guglielmi 1986; Gorbachev and Surkov 1987) :
Here the following notations have been used
where B 0x , B 0y , and B 0z are the geomagnetic field components. Equation (21) shows that a magnetic disturbance in the atmosphere has a circular polarization with clockwise rotation in the vertical plane.
In the limiting case Re m ( 1 or T ( 2p= l 0 rC 2 l À Á ; the coefficients in Eq. (23) are simplified, as a R;t;l % x=C R;t;l . In addition, we assume that all the geomagnetic field components are of the order of B 0 . Then an estimate of the amplitude of GMI perturbation reduces to the following
where k R is the Rayleigh wave length. This estimate comprises the dimensionless factor g * 1, dependent on dimensionless parameters C R /C l , C R /C t and geomagnetic field inclination and declination. The geomagnetic effect estimates given by Eqs. (11) and (24) Fig. 1 Geometry of the considered model. The rotation sense of the induced E-field and seismic velocity V is indicated by arrows for P-wave and Rayleigh wave look similar. However, it must be noticed that the medium velocity amplitudes produced by Rayleigh wave decay with distance slower, V max * r -1/2 , as compared with that by the body P-wave and S-wave, V max * r -1 . Analysis of coefficients in Eq. (22) shows that under Re m ( 1 the inequality E m * -V m B 0 ) b m C R holds (besides an extreme case B 0y = 0). This means that the transverse electric field component E y is weak and can be neglected. Therefore, similar to magnetic components, the electric components of GMI disturbance are circularly polarized in the vertical plane. The amplitude of disturbance, E GMI * V m B 0 , is the same as that given by Eq. (14) .
The derived relationships enable one to estimate the magnetic and electric effects of seismic waves by an order of magnitude and also they can be used to study their polarization characteristics. In the Love wave the crust displacement is oriented along y-axis, perpendicular to the wave propagation direction along the ground surface (Landau and Lifshitz 1970) . The co-seismic electromagnetic effect produced by Love wave can be calculated similar to the previous consideration. The GMI signal has approximately circular polarization in the vertical plane parallel to the seismic wave propagation direction. This feature was used by Guglielmi et al. (2006) to reveal weak seismo-magnetic pulsations (* 0.01-0.04 nT) induced by Love waves from very distant powerful seismic events (M [ 7).
Comparison of EK and GMI effects
Many researchers interpreted co-seismic telluric field disturbances on the basis of EK effect only. To validate this assumption, let us compare the estimate of isolated EK effect given by Eq. (7) to that of GMI effect given by Eq. (13) under the same P-wave parameters
Nearly the same relationship stems from the consideration of surface seismic waves. The estimate (25) depends strongly on the crust porosity n, which varies in a very wide range. For example, typical values of n for granite and gneiss are (0.2-6) 9 10 -3 , for sandstone 0.04-0.3, and for tuff 0.2-0.3 (Mavko et al. 2009 ). For the above used parameters and n = 0.003-0.1, it follows from (25) that E EK =E 0 GMP \1; if C EK \ 4 À 9 ð ÞÂ10 À8 V=Pa: This critical value of C EK corresponds approximately to the value of streaming potential coefficient of Westerly granite (Morgan et al. 1989 ). Thus, which mechanism does produce a largest co-seismic effect is very uncertain, because the ratio between these mechanisms depends on specific crust parameters.
Oscillations of the ground surface influence the electric field recordings, and the correction factor * V m B 0 can be comparable to E EK . Therefore, a proper seismo-electric signal can be masked by the effect due to the sensor oscillations.
In a homogeneous medium the EK mechanism does not produce any magnetic disturbances above the ground. Magnetic disturbances can emerge near lateral inhomogeneities of streaming potential coupling coefficient C EK and conductivity r. In a simple model of two half-spaces with constant coefficients C 1 , r 1 and C 2 , r 2 , separated by a vertical plane, the magnetic disturbance near the interface can be estimated as follows (Fitterman 1979a, b; Gershenzon et al. 2014) :
here DC EK = C 1 -C 2 is the contrast of the streaming potential coupling coefficients, and f & 10-20 is the geometrical factor. The pore fluid pressure can be estimated by Eq. (2), keeping in mind that a volume deformation in a P-wave is u V * V m /C l . Substituting P f into (26) and supposing that r 1 = r 2 = r, we arrive at
Let us compare the estimate (27) with the estimate for GMI effect from Eq. (11)
Uncertainty of the gradient value DC EK at the interface greatly reduces the accuracy of estimate (28) in the frameworks of the considered model. For the same set of parameters that have been used above (n = 0.003-0.1, and DC EK = 10 -6
-10 -8 V/Pa), the estimate (28) can vary in a very wide range, from 1.4 9 10 -3 to 80. The above estimates have proven that both mechanisms might be responsible for coseismic effects, which can be detected on the natural electromagnetic noise background. In measurements of co-seismic electric component, the GMI mechanism is dominant for lowporosity high-resistive media like granite. The EK mechanism should dominate in highconductive and fluid-saturated media, especially when these features occur deep in the crust, at least to a depth about the seismic wave length.
In measurements of co-seismic magnetic component, the GMI mechanism is largest in a homogeneous medium. However, near the lateral geoelectric inhomogeneities the EK mechanism becomes significant, too. More precise conclusions can be done only where the specific geoelectric and fluid structure are known.
Discussion
In general, both EK and GMI mechanisms can interpret qualitatively the occurrence of coseismic electromagnetic signals. In particular, GMI mechanism can interpret even a fine effect (Surkov 1997 )-a weak precursory deviations of magnetic field about a second before a seismic wave arrival in an observational site (Honkura et al. 2002) . Nonetheless, the modeling of quantitative relationships between seismic wave disturbances, electromagnetic response, and local crust parameters is important and highly needed. Co-seismic electromagnetic signals, though not directly applied for earthquake prediction purposes, contain a useful information on local crustal phenomena, and can be used to identify ''sensitive'' zones perspective for the monitoring of precursory electromagnetic disturbances. Extensive observational search for earthquake electromagnetic precursory effects revealed that the occurrence of such precursors has a ''mozaic'' character. This feature may be related to inhomogeneous spatial distribution of local crust parameters, such as porosity, fluid concentration, conductivity, EK coefficient, medium gradient, etc. Thus, a preliminary examination of the co-seismic effects throughout monitoring area may help to identify sites that are most sensitive to the crust pressure variations.
For practical applications it is important to find methods that would help to identify a responsible mechanism for detected co-seismic signals. In a realistic situation, co-seismic signal can be obscured by background noise, magnetospheric pulsations, seismographic vibrations, etc. Moreover, one of the problematic aspect of the theory is that though earth crust is not homogeneous, but it has been treated as locally homogeneous. The P-wave and Rayleigh wave produce a volume deformation of the crust causing both effects. At the same time, S-wave and Love wave produce transverse deformations only and hence they should not induce the EK mechanism.
A powerful tool to identify the physical nature of an electromagnetic disturbance is the determination of an apparent impedance, that is the ratio between electric and magnetic components (Pilipenko et al. 2003) . The apparent impedance of the GMI disturbance excited by a P-wave is as follows
For the given above parameters, we get Z GMI * 10 4 -10 5 m/s. The measured magnitudes of an apparent impedance is to be compared with the conductive ground impedance
. A noticeable deviation of impedance of detected signals from Z g indicates a non-magnetospheric origin of those signals.
For a laterally homogeneous crust a magnetic component of the co-seismic EK signal must vanish. However, the occurrence of inhomogeneities can result in the appearance of magnetic effect. The estimate for the vertical contact model given by Eq. (26) may be considered as an upper limit of the magnitude of this effect.
The mechanisms of co-seismic effect may be discriminated by the difference of the spectral content and wave forms of the co-seismic signals. For example, the electric field disturbance E EK for P-wave (6) and surface wave (19) is proportional to the medium acceleration in the epicenter, q 3 m 0 /qt 3 . At the same time, the electric field disturbance owing to the GMI effect is proportional to a medium velocity, E GMI * V m B 0 . A phase shift between GMI disturbance and medium velocity depends on many factors, such as crust conductivity and geomagnetic field orientation.
The polarization features of co-seismic signals depend on type of seismic wave. If a seismic wave is produced by a crust shear in the source region, electric EK disturbances E EK induced by P-wave are oriented in a radial direction parallel to the seismic velocity vector. Magnetic disturbance at large distances from a seismic source has a magneto-dipole character (Surkov and Hayakawa 2014) . The electric component E GMI is to be perpendicular to the plane incorporating the magnetic moment and radius-vector from a seismic source. Therefore, for a direct P-wave a predominance of either longitudinal or perpendicular E-field components of co-seismic response determines the dominance of one or other generation mechanism.
For a Rayleigh wave the electric components in the atmosphere from both mechanisms, E EK and E GMI , have a circular polarization with clockwise rotation in the vertical plane. The main distinction may exist in the features of magnetic components of the co-seismic response. For both types of seismic waves, Rayleigh and Love, the magnetic components produced by induction mechanism b GMI have a circular polarization with clockwise rotation in the vertical plane parallel to the seismic wave propagation direction. At the same time, magnetic disturbance b EK , produced by EK mechanism, has distinct features. It can be observed only above crust regions with lateral inhomogeneities of the streaming potential coupling coefficient and conductivity. Its polarization depends on a structure of inhomogeneous crust, so exact polarization features cannot be theoretically predicted.
Conclusion
Our theoretical analysis has shown that in principle the observed magnitudes of co-seismic electromagnetic signals can be interpreted as both the EK effect in a wet crust or the inductive response of a conductive crust. However, because of a large variability of the realistic crust parameters, such as porosity, permeability, conductivity, etc., the estimates made for P-and Rayleigh waves make it difficult to conclude unambiguously which of those mechanisms prevails. With some certainty, one can say that EK effect is weak for shear S-wave and Love wave, which do not produce a deformation in the crust volume.
The electric components for both mechanisms induced by Rayleigh wave have a circular polarization in the atmosphere in the vertical plane. The polarization of the electric components induced by a P-wave may be different: longitudinal for the EK effect and transverse for the GMI perturbation.
A difference between the EK and GMI mechanisms is more evident in the magnetic components of a co-seismic signal. The EK mechanism can produce magnetic response only in an inhomogeneous medium with a strong lateral gradient of the streaming potential coupling coefficient and conductivity. Therefore, polarization features of these disturbances are determined by specific properties of the crust. At the same time, the GMI mechanism can generate magnetic response in a conductive homogeneous half-space. Its magnitude is determined by the media conductivity and the geomagnetic field orientation. GMI disturbance induced by Rayleigh and Love waves has a circular polarization in the vertical plane.
Thus, the considered mechanisms of the co-seismic disturbance generation by seismic waves induce electromagnetic responses with different characteristics, which provide a principal feasibility to discriminate them during realistic observations.
